ynthetic optical components that match the sophistication and features of a crystalline lens are difficult to construct, although the need for corrective intraocular lenses (IOLs) after cataract surgery is pressing. The development cycle of IOLs is lengthy and the process costly, especially because of the requisite testing on primates, which have accommodation mechanisms comparable to those of humans.
O R I G I N A L A R T I C L E
ynthetic optical components that match the sophistication and features of a crystalline lens are difficult to construct, although the need for corrective intraocular lenses (IOLs) after cataract surgery is pressing. The development cycle of IOLs is lengthy and the process costly, especially because of the requisite testing on primates, which have accommodation mechanisms comparable to those of humans. 1 Moreover, assessment of the quality of vision over the range of accommodation is lacking in animal studies. Finally, a significant number of claims made by patients after surgery about poor visual acuity are related to incorrect measurements of patient biometry and the selection of IOLs. 2 A life-sized eye model capable of evaluating vision restoration after crystalline lens replacement with an IOL would be of great value in both ophthalmology research and eye clinics and would be a welcome addition to current biometric technologies. 3, 4 Such a device would allow ophthalmologists to analyze optical images unprocessed by the brain. The device could aid the design and research of the IOL or contact lens because characterizing a single lens component by experiment or simulation cannot produce the same amount of relevant information as characterizing the lens within a complete, real-size eye model.
Before our work, other efforts had been made to fabricate eye models to recreate images with crystalline lenses or IOLs [5] [6] [7] [8] [9] [10] [11] for assessment of the quality of soft contact lenses. 12 Most of these eye models use glass or polymer lenses to either directly couple the images to a complementary metal-oxide semiconductor (CMOS) sensor or transfer the images to the CMOS S ABSTRACT PURPOSE: To create an accurate, low-cost optomechanical model eye for investigation of refractive errors in clinical and basic research studies.
METHODS:
An optomechanical fluid-filled eye model with dimensions consistent with the human eye was designed and fabricated. Optical simulations were performed on the optomechanical eye model, and the quantified resolution and refractive errors were compared with the widely used Navarro eye model using the ray-tracing software ZEMAX (Radiant Zemax, Redmond, WA). The resolution of the physical optomechanical eye model was then quantified with a complementary metaloxide semiconductor imager using the image resolution software SFR Plus (Imatest, Boulder, CO). Refractive, manufacturing, and assembling errors were also assessed. A refractive intraocular lens (IOL) and a diffractive IOL were added to the optomechanical eye model for tests and analyses of a 1951 U.S. Air Force target chart.
RESULTS:
Resolution and aberrations of the optomechanical eye model and the Navarro eye model were qualitatively similar in ZEMAX simulations. Experimental testing found that the optomechanical eye model reproduced properties pertinent to human eyes, including resolution better than 20/20 visual acuity and a decrease in resolution as the field of view increased in size. The IOLs were also integrated into the optomechanical eye model to image objects at distances of 15, 10, and 3 feet, and they indicated a resolution of 22.8 cycles per degree at 15 feet.
CONCLUSIONS:
A life-sized optomechanical eye model with the flexibility to be patient-specific was designed and constructed. The model had the resolution of a healthy human eye and recreated normal refractive errors. This model may be useful in the evaluation of IOLs for cataract surgery. sensor via an optical relay system. The human retina forms a curved image plane that naturally corrects the effect of field curvature, but existing eye models do not contain such capabilities. Therefore, none of the eye models accurately depicts the field of view and the true image quality. This deficiency seriously hinders the use of existing eye models in clinics or IOL development. The most salient feature of our eye model, aside from its realistic dimensions, is the custom optics at the retina position to map the curved image plane to a flat image plane compatible with the CMOS imager.
This article describes a life-size, cost-effective, and fluid-filled optomechanical eye model that can reliably reproduce the structures and functions of all imageforming components in the human eye, including the cornea, aqueous humor, crystalline lens, vitreous humor, and retina.
MATERIALS AND METHODS

Lens Design
A fused silica lens-based system was used to make the equivalent of the crystalline lens and cornea in the human eye, with matching optical power. The crystalline lens in the human eye has a graded refractive index ranging from 1.38 to 1.40. 13 Reproducing such a graded index profile is technically challenging and would not provide significant improvements to the image resolution. Consequently, the silica lenses in the optomechanical eye model have a uniform index of refraction optimized for image quality along the optical axis. A set of optic components was then configured to match the on-axis characteristics of a specific human eye. Simulations and measurements were performed to ensure that the difference in the smallangle off-axis image quality between the specific human eye and the modeled eye was minimal within the macular area. The optomechanical eye model was designed and constructed to allow all of the components to be replaced easily. In addition, the housing has the flexibility to accommodate varying dimensions, such as distances between any optical surfaces.
The design of the optomechanical eye model starts with ray-tracing simulations using ZEMAX software (Radiant Zemax, Redmond, WA). We used the widely accepted Navarro model to represent the human eye and found that the optimal parameters for the optomechanical eye model closely matched the image quality between our device and the Navarro human eye model.
14 Table 1 shows the essential physical parameters of the Navarro model and the optomechanical eye model.
Our model uses fused silica optics with a refractive index of 1.458. We used a cornea lens that is 1 mm thick, with an anterior radius of 7.8 mm (conic constant: -0. 5 15 ) and a posterior radius of 6.7 mm. The greater thickness was chosen to improve the durability of the lens, and simulations indicated that this has a negligible effect on the resolution of the image. The fused silica lens that functions as the crystalline lens has an aspheric shape to minimize spherical aberration.
At the position of the retina we constructed a closely packed curved fiber bundle that matches the profile of the retina as the image surface. The curved fiber bundle consists of an array of optical fibers with a core diameter of 4 µm and a center-to-center spacing of 4.2 µm. The bundled fiber has an anterior radius of curvature of 11.019 mm to simulate the curvature of the retina and a flat posterior surface to allow image transformation onto a CMOS imager (6.4-µm pixel size) with relay at optics with a magnification of 23. The specially Optomechanical Model Eye/Arianpour et al.
designed fiber bundle was fabricated by Schott North America (Elmsford, NY). The integrated curved fiber bundle provides a field of view of 34.5 degrees, which is significantly larger than the field of view of the fovea in human eye, thus allowing us to evaluate the image quality both in the macular area and in the peripheral vision. The core-to-core spacing of 4.2 µm yields a spatial resolution of 128 cycles/mm that is comparable to the resolution of the macular area of the retina. We treat each 4-µm diameter fiber as one pixel that carries light of all colors to the red, green, and blue pixels on the CMOS image. This closely resembles how light propagates within the eye and reaches the photoreceptors in the cones and rods on the retina. Figure 1 shows the microscopic view of the bundled fiber. The white spots are the cores of the fibers, and the black areas are insulating rods that prevent crosstalk between the fibers. The image can be transmitted through the curved surface to the flat side of the fiber bundle and either detected directly or optically relayed to a CMOS imager. In practice, because the photosensitive area of a CMOS imager is beneath a protective glass cover, the light from the fiber bundle cannot be perfectly coupled to the image sensor. Consequently, we prefer to use an optical relay to transmit the image from the flat side to an imaging sensor. The material composition of the curved fiber bundle is proprietary; however, the refractive indices of the core and cladding are 1.820 and 1.485, respectively, producing a numerical aperture of 1. 16 
OptOmechanicaL Design
For the mechanical design of the eye model, we machined the optomechanical housing of a 28-mm-diameter acetal resin (Delrin, DuPont, Wilmington, DE) sphere for the mechanical design of the optomechanical eye model. All of the optical components were mounted to the housing so that the spacing between any two elements may be adjusted to match the anatomy of individual patients' eyes. We created an insert for the cornea and used ultraviolet curable epoxy to mount it to the housing as the first optical element to prevent water leakage. We threaded a 10-mm hole for inserting the pupil and the lens that simulates either the crystalline lens or the IOL. The lens is situated between a 1-mm-thick ring and a 3.75-mm-diameter pupil. The pupil size can be varied by simply substituting a ring with a different inner diameter. By measuring the focal distance of the microscope to the surface of each element during assembly, we ensured that all elements were aligned and correctly spaced to match the eye of interest. The errors in position of the optical elements depend on the accuracy of the microscope used for assembly and operation errors in adjusting the microscope focus. The latter is on the order of tens of microns. We then used a clamp to hold the curved fiber bundle as shown in Figure 2B . The clamp has three holes for springs and screws (M2 3 0.4) to allow ad- Optomechanical Model Eye/Arianpour et al.
justment of the tilt and position. ach 90-degree rotation of a screw accounts for the fiber bundle to move along the direction of the channel. An O-ring in the back of the optomechanical eye model holds the curved fiber bundle in place and prevents water leakage (Figure 2) . The threaded area also acts as baffles to limit the scatter of light off the walls. Channels were created on the top and bottom surfaces to act as an inlet and an outlet during water filling. The assembled optomechanical eye model was vacuum filled with distilled water with a refractive index of 1.334 5, 17 to remove trapped gas bubbles. Water was used as the medium because the index of water is very close (within 1%) to the index of aqueous humor and vitreous humor. The optomechanical eye model was used to evaluate IOLs by characterizing two commercial AcrySoft IOLs (Alcon Laboratories, Fort Worth, TX): one diffractive IOL and one refractive IOL. Both IOLs have the same optical power of 16 diopters with an iris of approximately 3 mm. The IOLs were centered on a ring with the edges glued to the fixture. Their haptics were removed to fit the housing. Situated at the position of the crystalline lens in the optomechanical eye model, with the front surface of the IOL approximately 4 mm from the back surface of the cornea, preliminary results of the lenses were characterized with a modified 1951 U.S. Air Force resolution chart that was backlit by a halogen lamp for a qualitative comparison of the properties of two IOLs.
RESULTS
Ray-tRacing simuLatiOn
ZEMAX software was used to simulate the resolution and quantify the aberrations of each optical component for the optomechanical eye model and the Navarro model (Figures 3 and 4) . All simulations Optomechanical Model Eye/Arianpour et al.
were performed under polychromatic illumination with objects from an infinite distance and a pupil 3.75 mm in diameter. Figure 3 shows that both the 0-degree and 5-degree off-axis images of the optomechanical eye model have similar resolution to that of the Navarro model. Both the Navarro model and the optomechanical eye model diminish in resolution with increasing field of view, but the resolution of the optomechanical eye model diminishes more quickly. Detailed analysis of optical aberrations, as shown in Figure 4 , shows that the Navarro model has lower coma than the optomechanical eye model. On the other hand, the optomechanical eye model has less spherical aberration and astigmatism than the Navarro model. The distortion and field curvature are nearly identical in both models.
chaRacteRizing the OptOmechanicaL eye mODeL
To characterize the optical properties of the optomechanical eye model, we measured the image sharpness of a slanted edge on a black and white chart, a standard technique for measuring the resolution of digital cameras. Using the optical assessment software, SFR Plus (Imatest, Boulder, CO) (www.imatest.com/products/test-charts/sfr-plus-test-charts), we compared the modulation transfer function (MTF) produced by the optomechanical eye model at an infinite conjugate with the ZEMAX-simulated MTF. The results allow the quality of device fabrication and assembly to be assessed. Imatest measures sharpness by first obtaining the line spread function of image of a slanted edge and then converting the line spread function into spatial frequency as a measure of the resolution of the device. This resolution is calculated in cycles or line-pairs per degree (cycles/degree or lp/degree). We adjusted the focal distance of the optomechanical eye model by moving the curved fiber bundle along the optical axis. To eliminate the constraints imposed by the mechanical assembly of commercial CMOS imagers, we used an optical relay system and a Canon EOS 5D Mark II camera (f-number, F/2.8; focal length, 100 mm; and exposure time, 0.3 seconds; Canon, Lake Success, NY) to capture the image projected on the surface of the curved fiber bundle. Because the relay optics transform the image from the flat, rear surface of the fiber bundle to another flat CMOS imager plane, this step introduces negligible artifacts to the image. Limited by the size (4 µm) of the individual fiber in the fiber bundle, the maximum achievable MTF is 38 cycles/degree. At 10% modulation depth, we obtained an on-axis resolution of approximately 34.0 and 33.1 cycles/degree for the horizontal and vertical MTFs, respectively. At 10 degrees off axis, the resolution is 7.8 and 8.8 cycles/degree for the horizontal and vertical MTFs, respectively (Figure A, available as supplemental material in the PDF version of this article). Although resolution targets provide quantitative assessments of the resolution of the model, images of normal objects obtained in daily life under daylight conditions provide more relevant information on the characteristics of the eye. Figure 5 shows an image of the stone bear on the University of California-San Diego campus from a distance of approximately 25 m, obtained by the optomechanical eye model. The curved surface of the fiber bundle matches the curvature of the retina, but all of the fibers are packed in parallel with each other along the optical axis. When an image is formed on the curved surface and transmitted along the fiber, the image appears to be darker near the outer area.
intRaOcuLaR Lens testing
Figures 6A and 6D show images from both IOLs at an object distance of 15 feet. Then images were obtained at 3 feet (Figures 6B and 6C ) and at 1 foot (Figures 6E  and 6F ) from the resolution chart. In Figures 6A and  6D , we cropped and digitally zoomed the center portion of the images without any other signal processing. The spatial frequency bars that can be resolved are shown in the figures. Optomechanical Model Eye/Arianpour et al.
degree, better than 20/20 visual acuity. The resolution is still lower than the ZEMAX-simulated value. This may be attributed to the manufacturing tolerances and positions of the lenses and a possible tilt in the mounting of the curved fiber bundle. Figure B (available as supplemental material in the PDF version of this article) shows the Monte Carlo simulation using ZEMAX to show performance degradation as a result of manufacturing tolerances (thickness, radius, and astigmatism) and component misalignments within 0.1 mm and 1-degree tilt (2 degrees for the curved fiber bundle). As shown in Figure B , the experimental data for the on-axis resolution are significantly better than the calculated scenario, indicating that the manufacturing and assembly errors are lower than the magnitudes used in the simulation. Although the cornea of this model overcompensates for the spherical aberration compared with the Navarro model, the overall resolution of our eye model is significantly better than 20/20 visual acuity. Additionally, we can further reduce the tolerances on the tilt and decentration of the curved fiber bundle by using a clamp with a single-screw mechanism that would allow the fiber bundle to move easily along the optical axis.
The optomechanical eye model also experiences a darkening along the edges at the posterior side of the bundle. This is caused by the incident angles on the curved fiber bundle that refract and emit at larger angles with respect to the optical axis as the field of view increases ( Figure C , available as supplemental material in the PDF version of this article). Because the optical relay has a limited numerical aperture, it cannot capture all of the light emitted from all of the fibers. The emission from the fiber bundle is not uniformly distributed across each of the solid angles, allowing for more light to be captured by the optical relay than was calculated. Using a tapered fiber bundle with all of the fibers oriented to be normal to the incident angles from any field of view reduces the darkening affect along the edges. The light would be guided within the fiber with limited differences to the emitted solid angles from all of the fibers, producing a more uniform intensity profile.
Preliminary results with IOLs indicated that the multifocal IOL had a better depth of focus than the refractive IOL, as expected from the multifocal nature of the diffractive IOL. In our current optomechanical eye model, the achievable resolution of the IOL is generally lower than that of glass lenses because of difficulties in aligning the IOLs. The magnitudes of decentering and tilting errors are larger for IOLs because the area allotted for the IOL assembly is significantly greater than 0.1 mm, yielding a larger alignment error during assembly. This problem can be remedied in future optomechanical eye models by incorporating the haptics into the optomechanical design and creating a more accurate mounting fixture.
We demonstrated a life-size optomechanical eye model that can produce resolution similar to the raw images projected onto the human retina. The optomechanical design of the eye model can be easily customized to model the eyes of individual patients, thus allowing ophthalmologists to visualize the unprocessed images produced by different combinations of lenses and visual effects. The optomechanical model eye can also find applications in other optical instruments for vision inspection and research. 
